Introduction {#sec1-1}
============

In emergency departments, hand injuries reportedly account for up to 20% of all treated unintended injuries and of those, digital nerve injuries are the mostly seen nerve injury in the upper extremity (Dagum, 1998). Good recovery has been reported after digital nerve repair evaluated using especially Weber\'s static two-point discrimination (S2PD) -- the choice of the "best" method (Segalman et al., 2001). There is evidence that the clinical phenomenon of crossover innervation to some degree from uninjured digital nerve to the injured side occurs after digital nerve injuries. However, some scholars reported that this concept might even result in the overestimation of the outcome of the digital nerve repair. However, some scholars strongly dispute the existence of this phenomenon (Weinzweig, 2000).

Based on the presence of crossover innervation on decreased S2PD testing by nerve isolation technique, some advocates administered local anesthetic blocks to all sensory contributions in the exposed digit (Tadjalli et al., 1995a) or demonstrated collateral sprouting in biological studies (Wiesenfeld-Hallin et al., 1989; Matsumoto et al., 1999). Despite that, opposing defenders argued that this phenomenon has no clinically significant effect and meaning (Weinzweig, 2000; Thomas et al., 2014). Although the evaluation of digital nerve repair as described in most observational studies is scored as very good or excellent while using S2PD (Rinkel et al., 2013), this controversy about the role of crossover innervation in assessing the digital nerve lacerations has not still been elucidated exactly. With this knowledge in mind, we believe that this study can provide novel, pure, focused and valuable clinical data by comparing outcomes of bilateral and unilateral digital nerve repair.

Subjects and Methods {#sec1-2}
====================

Patients {#sec2-1}
--------

After approval by the ethics committee of our institute (approval number: 2016/0565-4671), patients who underwent direct primary digital nerve repair due to trauma within the last 2 years between January 2013 and December 2014 were contacted by telephone. Those matching the inclusion criteria and willing to participate in a clinical examination were enrolled in this retrospective clinical study (**[Figure 1](#F1){ref-type="fig"}**). All protocols used in this study were conducted according to the ethical guidelines of the *Declaration of Helsinki* and international regulations, and all patients gave their written informed consent. Study setting of this study is a large training and research hospital with more than 600 beds, and plastic surgery is the only department responsible for hand injuries.

![A diagram illustrating study procedure.](NRR-11-1499-g001){#F1}

Inclusion and exclusion criteria {#sec2-2}
--------------------------------

The inclusion criteria for the study were listed as follows: (1) injury of at least one complete proper digital nerve transection; (2) primary end-to-end digital nerve repair performed within 3 days after the injury (Allan, 2004); (3) uninjured matching contralateral digit(s); (4) a minimum follow-up period of 12 months; and (5) with associated tendon injuries. The exclusion criteria were: (1) injury at the level or proximal of one or more common digital nerves; (2) age under 14 or over 65 years at the time of injury; (3) digital nerve injuries in thumb; (4) complex injuries including replantation or revascularization of the same digit; (5) incomplete nerve lesions or nerve repair with any grafts or tubes; (6) nerve injury caused by a crush or avulsion mechanism, (7) patients known to have a disease affecting nerve recovery (*e.g*., diabetes) and/or a history of peripheral or compression neuropathy.

Surgical repair {#sec2-3}
---------------

The standard method of digital nerve repair in our institution was an epineural end-to-end technique with two 8-0 polypropylene sutures without any tension. Loupes (2.5× magnification) or an operating microscope were used. All surgeries were performed by one of two senior residents.

Assessment and outcome measures {#sec2-4}
-------------------------------

Medical records of patients were identified and evaluated for demographic and clinical features. A complete dataset containing age, gender, hand-dominance, the injured hand, digit and side, pulp distance from the injury, follow-up time, site of the repair, concomitant injuries, time for mobilization of the injured digit and days in physiotherapy were collected and analyzed.

Our primary outcome was the degree of sensory recovery for the repaired proper digital nerve(s) which were recorded by one investigator. Sensation was assessed in the autonomous distribution of the repaired digital nerve(s) in the injured digit(s).

S2PD was determined using the standard protocol of the American Society for Surgery of the Hand and the International Federation of Societies for Surgery of the Hand. Sensory nerve function was graded using the modified Highet classification which was modified by Mackinnon and Dellon (Paprottka et al., 2013; He et al., 2014) (**[Table 1](#T1){ref-type="table"}**).

###### 

The modified Highet classification

![](NRR-11-1499-g002)

Sharp/dull discrimination was performed by a needle with a dull end of 0.4 cm and a sharp end of 2.7 French gauge (Fakin et al., 2016). Scoring was recorded as (1) both stimuli well recognized, (2) sharp stimuli recognition, recognition of dull stimuli in comparison with the healthy side delayed and/or with less intensity, (3) sharp recognized as dull or either dull or sharp stimuli recognized, and (4) none recognized (Haug et al., 2013).

Warm/cold sensation was tested by two identical plastic tubes, either filled with cold water of 2--5°C and warm water of 38--40°C (Haug et al., 2013). Indicated patients' current warm/cold discrimination was converted to an ordinal score as (1) both recognized, (2) one recognized immediately, the second with more or less intensity or delayed, (3) one recognized, and (4) none recognized (Haug et al., 2013).

Additionally, patients were asked to quantify overall subjective estimation of their degree of recovery using a 10-cm "Visual Analog Scale" --defined as the return of the sensibility appreciated by the patient him/herself. A lower score indicated less perceived satisfaction; for instance, a score of "10" on the Visual Analog Scale represented a full satisfied recovery in the subject\'s opinion; a score of "0" indicated the subject-perceived maximal dissatisfaction.

All patients were carefully examined and questioned as to the manifestation of Tinel\'s sign, cold intolerance--defined as "an icy cold feeling rapidly progressing to pain (Vipond et al., 2007)", hyperesthesia--defined as "when hair or skin on the injured digit is touched, the sensation is unpleasant and excessively sensitive (Vipond et al., 2007)", or electrical pain (Fakin et al., 2016).

Statistical analysis {#sec2-5}
--------------------

Data were analyzed using SPSS 15.0 software (SPSS, Chicago, IL, USA). In addition to using standard descriptive statistical calculations \[mean and standard deviation (SD)\], when the variables were normally distributed, an unpaired *t* test was used for comparing intergroup differences. However, when the variables were not normally distributed, the Mann-Whitney *U* test was utilized. In addition, a chi-square test was used to evaluate the qualitative data. A value of *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

Demographic data {#sec2-6}
----------------

A total of 28 fingers in 19 patients who underwent repair of digital nerves following uncomplicated sharp transection of the nerve were included in this study after contact by telephone after at least 12 months of follow up.

Of the 28 fingers, 18 fingers of 12 patients had unilateral digital nerve injury (group 1= one-nerve repair in one finger) and 10 fingers of 7 patients had bilateral digital nerve injury (group 2 = two-nerve repair in one finger). There were no significant differences in follow-up time, mean ages, gender distribution, site of and time required for the repair between two groups (*P* \> 0.05). All demographic results are summarized in **[Table 2](#T2){ref-type="table"}**.

###### 

Demographic and some clinical characteristics of the included patients

![](NRR-11-1499-g003)

Dominant hand, site, level and extension of injury {#sec2-7}
--------------------------------------------------

There were no significant differences in concomitant flexor tendon injuries, days in immobilization and in physiotherapy between groups 1 and 2 (**[Table 2](#T2){ref-type="table"}**). No significant difference was found in the dominant hand involved in the fingers and injury level which was recorded as distance from injury site to the tip of the pulp between groups 1 and 2 (*P* \> 0.05; **[Table 2](#T2){ref-type="table"}**).

S2PD results {#sec2-8}
------------

Results of S2PD testing are shown in **[Figure 2](#F2){ref-type="fig"}**. S2PD averaged 8.67 mm (SEM, 1.16) after unilateral digital nerve repairs compared with 9.21 mm (SEM, 1.25) after bilateral nerve repairs (**[Table 3](#T3){ref-type="table"}**). Assessed S2PD revealed the most variability (**[Figure 2](#F2){ref-type="fig"}**). However, despite a range in the values, neither group showed statistical difference from the other in either unilateral or bilateral nerve injuries (*P* \> 0.05).

![Static two-point discrimination (S2PD) results.\
There were 18 fingers in the group 1, and 10 fingers in the group 2. The median values of the groups were displayed graphically using box plots. No difference was found in S2PD results between both groups (*P* \> 0.05).](NRR-11-1499-g004){#F2}

###### 

Sensory function and pain between unilateral and bilateral digital nerve repair groups

![](NRR-11-1499-g005)

Recovery of sensation was also stratified into groups according to modified Highet classification (**[Table 1](#T1){ref-type="table"}**): excellent, S4; good, S3+; poor, S1--S3; and failure, S0. There was no significant difference in recovery of sensation measured by S2PD after unilateral and bilateral digital nerve repair (*P* \> 0.05; **[Figure 3](#F3){ref-type="fig"}**).

![The modified Highet classification results.\
No patients had a failure result whereas most of the fingers had good or excellent results with no significant difference between two groups (*P* \> 0.05). 33.3% of group 1 (*n* = 18) and 35.7% of group 2 (*n* = 20) were graded as excellent; and 58.3% of group 1 and 50% of group 2 were graded as good; whereas 8.3% of group 1 and 14.3% of group 2 were graded as poor.](NRR-11-1499-g006){#F3}

Warm/cold sensation, sharp/dull discrimination results {#sec2-9}
------------------------------------------------------

While basic sensory functions examined, warm/cold sensation showed faster recovery than sharp/dull sensation in groups 1 and 2 (*P* \< 0.05). However, there were no significant differences in recovery of warm/cold sensation and discrimination of sharp/dull mechanical stimuli between groups 1 and 2 (*P* \> 0.05) (**[Figure 4](#F4){ref-type="fig"}**).

![Recovery of warm/cold sensation and sharp/dull discrimination.\
Recovery of warm/cold sensation and sharp/dull discrimination between unilateral (group 1, *n* = 18) and bilateral (group 2, *n* = 20) digital nerve repair groups (*P* \> 0.05). Recovery of warm/cold sensation was better than recovery of discrimination of sharp/dull mechanical sensation in both groups (*P* \< 0.05). Distribution of the scores 1 (good) to 4 (poor) (given in percentage of sensory function recovery) illustrates the quality of sensory recovery.](NRR-11-1499-g007){#F4}

Overall subjective estimation of recovery results {#sec2-10}
-------------------------------------------------

Patients themselves assessed improvement of their pain after at least 12 months post-injury. The mean average overall subjective estimation of recovery in VAS was 6.67 (range, 2--10) in group 1 whereas it was slightly decreased in group 2 as 6.57 (range, 2--8) (**[Figure 5](#F5){ref-type="fig"}**). However, statistical analysis did not show any significant difference between groups 1 and 2 (*P* \> 0.05) (**[Table 3](#T3){ref-type="table"}**).

![Assessment outcome of the Visual Analog Scale.\
Visual grading scale outcomes comparing overall subjective estimation of their degree of recovery between unilateral (group 1, *n* = 12) and bilateral (group 2, *n* = 7) digital nerve repair groups (*P* \> 0.05). A lower score indicated less perceived satisfaction.](NRR-11-1499-g008){#F5}

Adverse events {#sec2-11}
--------------

No patients exhibited positive Tinel\'s sign at or distal to the incision on examination as well as cold intolerance, hyperesthesia or electrical pain.

Discussion {#sec1-4}
==========

Digital nerves are the most frequently severed peripheral nerves (Thorsén et al., 2012) which may result from simple cuts to severe hand traumas. When digital nerve injuries are not repaired, in addition to sensory loss in the finger, there can be significant functional defects. Since the sensory function of the fingers was studied and described by Moberg (1962), many studies reported the management and the evaluation of the sensibility after repair of nerve injuries (Mermans et al., 2012). In 1990s, some researchers have introduced the argument of the collateral sprouting of nerve fibers from the intact digital nerve to the denervated regions of the injured nerve that could affect the objective measurement of the outcome of the digital nerve injuries. In 1995, Tadjalli et al. (1995a) reported a study to determine how to test nerve repair using a nerve isolation technique consisting of double-gloving, leaving the study finger free, and administering local anesthetic blocks to all other sensory contributions in the exposed digit. They found an excellent result in 77% for S2PD test in 13 single digital nerve lesions and after combination with nerve isolation technique, an excellent result in only 43% for S2PD test in the same digits. They concluded that nerve isolation technique is an important tool to assess the outcome of nerve repair and is the only method of evaluating true end outcomes of nerve regeneration after neurorrhaphy (Tadjalli et al., 1995a). However, another study published at the same year by the same authors which was a retrospective study describing their experiences regarding digital nerve repairs using standard tests without using their proposed nerve isolation technique, *i.e*., administering a local anesthetic block to the intact digital nerve, may be seen as a question mark (Tadjalli et al., 1995a, b). Thereafter, some researchers also used this isolation technique in their reports regarding outcomes after repair of digital nerve injuries (Wang et al., 1996; Segalman et al., 2001). Some scholars did not chose to anesthetize the uncut digital nerves as digital nerve isolation before assessing sensation because they believed in that the use of local anaesthesia may have inadvertently anaesthetized the digital nerve that they were trying to evaluate (Thomas et al., 2014). Weinzweig (2000) evaluated the role of crossover innervation after digital nerve injury by comparing recovery of sensibility after unilateral and bilateral epineural neurorrhaphies and noted no significant difference in S2PD in the distribution of the injured nerve between 20 digits with repairs of both nerves and 54 digits with repair of a single nerve, again indicating no significant crossover (Thomas et al., 2014). Actually, as Weinzweig (2000) highlighted, bilateral sharp digital nerve laceration could be seen as an excellent model for evaluation of crossover innervation because there is no confusion of anomalous innervation from an intact contralateral nerve. However, although there was no significant difference in recovery of sensibility after unilateral and bilateral digital nerve repairs which supports that crossover innervation did not appear to influence the long-term outcome after digital neurorrhaphy (Weinzweig, 2000), some textbooks are still mentioning the importance of crossover innervation from intact nerves in the long-term result of digital nerve repair (Bindra and Lanzinger, 2013). In contrast to all those articles in the literature proving their proposed theses within a consistency, our study has become an article aiming to clarify this controversy by using the most suitable model (Weinzweig, 2000) with eliminating proven other factors that affect the outcomes (Cheng, 1994) to increase the power of the study.

Cheng (1994) has stated in his article that functional sensory recovery of a repaired nerve is still unpredictable. He has mentioned that good functional sensation -- defined as the ability of the hand to engage in full activities of daily living, including those activities in which vision is essentially occluded while the hand manipulates and identifies an object -- relies on sufficient innervation density of slowly and quickly adapting fibers and their corresponding mechanical receptors such as Merkel cell-neurite complex, Meissner corpuscle, and Pacinian corpuscle. He has also mentioned that poor functional sensation after surgery is attributed to factors classified as preoperative (age of the patient, associated injuries, level of injury, and mechanism of injury), intraoperative (the surgeon\'s experience in choosing a suturing technique and the time of surgery), or postoperative (rehabilitation or the factors that relate to patients themselves, such as their cooperation in rehabilitation programs and habits). In our study, all the factors that can affect the results were kept out.

A meta-analysis and systematic review on outcome after digital nerve repair pointed out that patient\'s age seems to play an important role in sensory recovery (Paprottka et al., 2013). The best results are seen in children and furthermore, nerve regeneration seems to deteriorate after the fifth- to sixth decade of life (Ruijs et al., 2005; Lohmeyer et al., 2009). Despite the study of Weinzweig (2000) which includes a minimum age of 6-year-old and 8-year-old patients, in our study age lower than 15 years old and greater than 65 years old were excluded. Additionally, in his retrospective study, Weinzweig (2000) reported the time interval from injury to surgical intervention as from less than 1 day to 300 days with a follow-up ranging from 6 to 77 months. However, despite the controversial studies that advocate no effect of delay (Mermans et al., 2012), the timing of surgical repair could be outlined to be a significant predictor for clinical outcome in digital nerve repair (Lohmeyer et al., 2009) and, from a general standpoint, there is a growing evidence showing that delaying peripheral nerve repair adversely affects outcome (Ozyurek and Atik, 2015). This can also make end-to-end repair difficult due to retraction and scarring of the nerve ends (Bindra and Lanzinger, 2013). Apart from that, there is an unfavorable prognosis for waiting more than 6 months or 1year after performing a nerve repair (Ruijs et al., 2005; Paprottka et al., 2013). Besides that, a very wide range of follow-up time within 6 to 77 months was reported in the study of Weinzweig (2000). Currently, the practice is that the peripheral nerves regenerate slowly, functional improvement may continue for a long time and recovery generally improves with an increased duration of follow-up (He et al., 2014). The timing of outcome evaluation after the repair of peripheral nerve injuries is therefore extremely important because if the duration of follow-up is too short, the final recovery of function cannot be assessed properly. Therefore, a minimum follow-up time should be at least 1 year, giving the nerve enough time for regeneration (Paprottka et al., 2013; He et al., 2014). Our study differs from most others cited in the literature in particular from Weinzweig\'s (2000), because we narrowed the follow-up time and included-not late repair-only standardized time repair for eliminating negative estimates on the outcome.

Uninjured peripheral nerve axons have also been shown to be able to grow and reinnervate denervated territories in response to injury of neighboring axons, a process termed collateral sprouting (Wiesenfeld-Hallin et al., 1989). It is a fact that there is an evidence showing that collateral sprouting of at least some types of primary afferent fibers may occur in the skin of adult mammals (Snow and Wilson, 1991). The phenomenon of collateral sprouting has been shown to occur from sensory axons to denervated skin in the adult sensory system (Weddell et al., 1941). In Weddell et al.\'s (1941) original study, they followed the progress of collateralization by testing the response of awake rabbits to pricking of the dorsal skin of ear which is supplied by two nerve trunks, the greater auricular nerve supplying the lateral part of the ear, and the occipital nerve supplying the medial part. They cut the greater auricular nerve and failed to evoke a characteristic withdrawal response to pin-prick test along the lateral part of the ear and, after 2--3 weeks, they observed that the medial area of the skin which remained sensitive to pin-prick testing expanded to include the area which had been insensitive previously (Weddell et al., 1941; Snow and Wilson, 1991). However, the point should be noticed is that those area is not containing all the insensitive area. So, it is not possible to know whether the spread of sensitivity is due to collateral innervation, or whether it is due to a strengthening within the central nervous system of normally ineffective afferent projections from pre-existing innervation (Snow and Wilson, 1991). In recent years, there is a growing interest regarding a new nerve repair technique named "end-to-side neurorrhaphy" described as the distal stump of a transected nerve is coapted to the side of an uninjured donor nerve for using when the proximal part of nerve stump is not available to classical end-to-end repair. End-to-side nerve repair can be seen a well-documented model for the phenomenon of collateral sprouting of axons. In an experimental study, it was concluded that invasion of the Schwann cells into the epineural layer of the donor nerve is the crucial step for the initiation of collateral axonal sprouting from the intact axons (Matsumoto et al., 1999). So, it is noticed that the most important theoretical and technical point is the necessity to create an epineural window when performing an end-to-side repair (Battiston et al., 2007). Unless one of the sprouts of an axon enters the distal segment of the axon\'s own former Schwann tube, it will be unable to regain its original cutaneous receptive field (Snow and Wilson, 1991; Matsumoto et al., 1999).

In the literature, it is also commented as protective sensation does not return in affected skin if nerves are left unrepaired (Thorsén et al., 2012). In one prospective study, 108 unilateral digital nerve injuries were assessed by analyzing the outcomes of those patients who underwent digital nerve repair (72 digital nerves) compared with those nerves left unrepaired (36 digital nerves). In that study, it was shown that if no repair was carried out there would be some improvement in sensation for a period of 3--6 months only, and the end result would be inferior to repaired nerves (Chow and Ng, 1993; Clarke, 2016). In the repaired group, the result continued to improve for up to 2 years, 90% reached S3^+^ or above whereas in the unrepaired group, improvement plateaued after 6 months, and at 2 years only 6% reached S3^+^ or above. Also 94% of patients with unrepaired nerves regained some protective sensibility (Chow and Ng, 1993). It is clear that in a digital nerve transection, the result of recovery will remain poor if the axons not passed or not sprouted through a tube formed by Schwann cells. When injured axons fail to regenerate, collateral sprouting could be useful by, for example, providing protective pain sensation to a denervated cutaneous area (Wiesenfeld-Hallin et al., 1989). However, as in our results, it may be commented as if the transected nerves repaired properly, the collateral sprouting and innervation could be in a negligible level.

There are significant limitations of this study including mainly our relatively reduced number of injured nerves due to our extended exclusion criteria to compare only the clinically importance of the crossover innervation. The retrospective nature of the study is the other limitation which may introduce selection bias related to such type of study. Furthermore, one additional limitation is that a standardized rehabilitation program after surgery was not applied which was shown that it may improve the clinical outcomes.

As a conclusion, after eliminating all the factors that may affect the outcome of digital nerve repairs, our results suggest that there may be no significant difference in sensibility recovery at least 1 year after nerve repair of complete digital nerve laceration between unilateral and bilateral digital nerve repairs. In our clinical and retrospective study, it is impossible to deny the crossover innervation from uninjured digital nerve to injured side; but, if any, we could say it has no importance in the evaluation and/or measurement of the outcomes of digital nerve repair outcomes. Within the observations, clinically, the effect of crossover innervation appeared negligible in the estimation of digital neurorrhaphy results. Despite some limitations, we believe that this study can provide valuable data with significant clinical perspectives. As it is said: "It is not so important to know everything as to know the exact value of everything, to appreciate what we learn, and to arrange what we know."
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